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ABSTRACT 



A molecular fluorine (F 2 ) laser is provided wherein the gas 
mixture comprises molecular fluorine for generating a spec- 
tral emission including two or three closely spaced lines 
around 157 nm. An etalon provides line selection such that 
the output beam only includes one of these lines. The etalon 
may also serve to outcouple the beam and/or narrow the 
selected line. Alternatively, a prism provides the line selec- 
tion and the etalon narrows the selected line. The etalon may 
be a resonator reflector which also selects a line, while 
another element outcouples the beam. The etalon plates, 
preferably uncoated, comprise a material that is transparent 
at 157 nm, such as CaF 2 , MgF 2 , LiF 2 , BaF 2 , SrF 2 , quartz and 
fluorine doped quartz. The etalon plates are separated by 
spacers comprising a material having a low thermal expan- 
sion constant, such as invar, zerodur®, ultra low expansion 
glass, and quartz. A gas such as helium or a solid such as 
CaF 2 that does not absorb radiation 157 nm fills the gap 
between the etalon plates, or the gap is evacuated. The gas 
mixture preferably further includes neon as a buffer gas. 
Another etalon may be used for line narrowing. One or more 
of a highly reflective mirror, a high finesse etalon or a prism 
with a highly reflective back surface may serve as a higjily 
reflective resonator reflector. Any of one or more e talons, a 
prism, a brewster plate and a highly or partially reflective 
mirror may seal the laser discharge chamber. 

33 Claims, 7 Drawing Sheets 
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MOLECULAR FLUORINE (FJ LASER WITH 
NARROW SPECTRAL LINE WIDTH 

PRIORITY 

This Application claims the benefit of U.S. Provisional 
Application Nos. 60/119,486, filed Feb. 10, 1999, and 
60/120,218, filed Feb. 12, 1999, said applications being 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 10 

1. Field of the Invention 

The invention relates to a molecular fluorine (FJ laser, 
and particularly to an F 2 -laser having enhanced efficiency, 
line selection and line narrowing of the selected line. 15 

2. Discussion of the Related Art 

Semiconductor manufacturers are currently using deep 
ultraviolet (DUV) lithography tools based on KrF-excimer 
laser systems operating around 248 nm, to be followed by 2 q 
the next generation of ArF-€Xcimer laser systems operating 
around 193 nm. Vacuum UV (VUV) is expected to use the 
F 2 - laser operating around 157 nm. 

The emission of the F 2 -laser includes at least two char- 
acteristic lines around -157.629 nm and K 2 « 157.523 nm. 25 
Each line has a natural linewidth of around 15 pm (0.015 
nm). The intensity ratio between the two lines is IQ-^flQ-z) 
-7. See V. N. Ishenko, S. A. Kochubel, and A. M. Razher, 
Sov. Joum. QE-16, 5 (1986). FIG. 1 illustrates the two 
above-described closely-spaced peaks of the F 2 -laser spon- 30 
taneous emission spectrum. 

Integrated circuit device technology has entered the sub- 
micron regime, thus necessitating very fine photolitho- 
graphic techniques. Line narrowing and tuning is required in 
KrF- and ArF-excimer laser systems due to the breadth of 35 
their natural emission spectra (>100 pm). Narrowing of the 
linewidth is achieved most commonly through the use of a 
wavelength selector consisting of one or more prisms and a 
diffraction grating (Littrow configuration). However, for an 
F 2 -laser operating at a wavelength of approximately 157 nm, 40 
use of a reflective diffraction grating is unsatisfactory due to 
its low reflectivity and high oscillation threshold at this 
wavelength. The tunability of the F 2 -laser has been demon- 
strated using a prism inside the laser resonator. See M. 
Kakehata, E. Hashimoto, F. Kannari, M. Obara, U. Keio 45 
Proc. of CLEO-90, 106 (1990). 

F 2 -lasers are also characterized by relatively high intra - 
cavity losses, due to absorption and scattering in gases and 
all optical elements, particularly in oxygen and water vapor 
which absorb strongly around 157 nm. The short wavelength 50 
(157 nm) is responsible for the high absorption and scatter- 
ing losses of the F 2 -laser, whereas the KrF-excimer laser 
operating at 248 nm does not experience such losses. 
Therefore, the advisability of taking steps to optimize reso- 
nator efficiency is recognized in the present invention. In 55 
addition, output beam characteristics are more sensitive to 
temperature induced variations effecting the production of 
smaller structures lithographically at 157 nm, than those for 
longer wavelength lithography such as at 248 nm. 

60 

SUMMARY OF THE INVENTION 

It is therefore an object of the invention to provide a 
F 2 -laser wherein one of the plural emission lines around 157 
nm is efficiently selected. 65 

It is a further object of the invention to provide the above 
F 2 -laser with efficient means for narrowing the selected line. 
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It is a further object of the invention to provide the 
F 2 -laser with a laser gas mixture selected to optimize laser 
output characteristics. 

It is a further object of the invention to provide the 
F 2 - laser with a temperature stabilized output emission spec- 
trum. 

It is a further object of the invention to provide the 
F 2 - laser with an efficient optical resonator at 157 nm, 
preferably including a minimum number of optical elements 
and interfaces. 

Therefore, the present invention provides a F 2 -laser 
wherein one of the plural lines of its output emission 
spectrum around 157 nm is selected, e.g., X 3 (see above), for 
its use in lithography systems. The present invention also 
includes, and provides means for, narrowing the Linewidth of 
the selected line. More specifically, the present invention 
uses a first e talon for selecting one of the plural lines around 
157 nm of the F 2 -laser, and also functions to narrow the 
selected line. Alternatively, the first etalon performs line 
selection and another optical element such as a second 
etalon narrows the selected line. Also, alternatively, another 
element such as a second etalon, a prism, or a birefringent 
plate selects the line and the first etalon narrows the selected 
line. 

When two etalons are used, one of the etalons is used for 
line selection and the other for narrowing of the selected 
fine. Also, one of the etalons is used for output coupling and 
the other as a highly reflective resonator reflector. 

The gas mixture pressure and components and their 
concentrations are selected for improved operation of the 
laser, including preferably using neon as a buffer gas, having 
a total pressure less than 5 bars and a having a fluorine 
concentration in a range between 0.05% and 0.20%. The 
number of optical interfaces, i.e., optical elements, in the 
resonator is reduced, and the materials and other properties 
comprising the optical elements and laser gas are selected to 
provide enhanced output beam characteristics. 

The outcoupler etalon plates, preferably uncoated, com- 
prise a material having a substantial transmissivity ai 157 
nm, such as CaF 2 , MgF 2 , LiF 2 , BaF 2 , SrF 2 , quartz and 
fluorine doped quartz. The etalon plates are separated by 
one, two or preferably three spacers comprising a material 
having a low thermal expansion constant, such as invar, 
zerodur, ultra low expansion glass, or quartz. A gas, such as 
helium, another inert gas such as krypton, neon, argon or 
nitrogen, or generally a gas that does not absorb radiation 
strongly at 157 nm, or a solid such as one of those mentioned 
above for the plates fills the gap between the etalon plates, 
or the gap is evacuated. 

The gas mixture in the discharge chamber preferably 
further includes neon as a primary buffer gas. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows an emission spectrum of an F 2 -laser without 
line selection or narrowing. 

FIG. 2a shows a first preferred embodiment of a F 2 -laser 
in accord with the present invention. 

FIG. 2b shows a second preferred embodiment of the 
present invention. 

FIG. 3a illustrates the periodic wavelength dependence of 
the reflectivity function of an outcoupler etalon in accord 
with the present invention. 

FIG. 36 illustrates an additional line-narrowing feature of 
the outcoupler etalon of FIG. 3a. 

FIG. 4 shows an etalon as an outcoupler and a window of 
an F 2 -laser in accord with the present invention. 
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FIG Sa shows the wavelength depeDdence of the reflec- measures the energy of the output beam of the laser. Beam 

tivity of an outcoupler etalon, in accord with the present splitters 10 are also shown. One or more apertures (not 

invention, in the vicinity of the free-running F 2 -laser emis- shown) may also be inserted into the resonator to chop off 

sion lines )u (left part) and X, (right part) around 157 nra. sidebands of the dispersion spectrum of the prism 4 and/or 

mt 7 L • • * f*u f _ r,,™;™ 5 of the superposition of the etalon 6 reflectivity maximum 

FIG. 5b shows .the emission spectrum of the ™ ™ * PJ£cd ^ of the F ^ ^ mre(s) can 

F 2 -laser without line selection or line narrowing (solid hne Jjb ^ siorts which approximate the diameter 'of the 

and with line selection and Ime narrowing (dashed hne) £ . ^.^1^ Ser. No. 09/130^77 

performed by the outcoupler etalon of FIG. 5a. ^ I 1998) . P m ap ^es re duce the amount of 

FIG. 6a shows a free-running output emission spectrum ^ ampHfied spontaneous emission generated in the gas dis- 

of a F 2 -laser with helium as a buffer gas. chafge cnamber 2 It ^ advantageous to chop out this 

FIG. 6b shows a free-running output emission spectrum otherwise parasitic emission because it does not generally 

of a F 2 -laser with neon as a buffer gas. possess the characteristics of desired laser oscillations. 

FIG. 7a shows the temporal pulse shape of a F 2 -laser Therefore, if not excluded by an aperture, such parasitic 

having only helium as a buffer gas. is emission can deteriorate the quality including the spectral 

FIG lb shows the temporal pulse shape of a F 2 -laser purity and divergence of the output beam. Generally, any of 

having helium and neon as buffer gases. the embodiments described herein may be varied by adding 

FIG. 7c shows the temporal pulse shape of a F 2 -laser one or more apertures for excluding this parasitic emssion. 

having mostly neon and only a very small concentration of Based partially on the energy measured using the energy 

helium as buffer gases. 20 monitor 8, the power supply voltage applied between the 

FIG. Sa shows a third embodiment of a F 2 -laser in accord main electrodes 3a and 3b within the 

• V / and concentrations of constituents of the laser gas mixture 

with the present invention. ^ {Q adjugt characleristics of th e output beam, 

FIG. 8fo shows a fourth embodiment of the present inven- mduding its energVt In the first p re f erre d embodiment, line 

tion - 25 selection is achieved through the use of the dispersive prism 

FIG. 9a shows a fifth embodiment of the present invention 4 prism ^ ro tatable or tiltable to adjust the range of 

including a high finesse etalon. wavelengths it reflects within the acceptance angle of the 

FIG. 9b shows a sixth embodiment of the present inven- resonator. The prism may be oriented to include only one of 

tion including a high finesse etalon. the multiple emission lines of the F 2 -laser (see, e.g., FIGS. 

FIG. Ida shows the reflectivity spectrum of the high 30 1 and 6a~6b). 

finesse etalon of either of FIGS. 9a or 9b in accord with the rj ue to the wavelength dependent nature of the refractive 

present invention. index of the material of the prism 4, light entering the prism 

FiG. 10b shows the free running output emission spec- 4 is refracted according to wavelength at various angles, 

trum of an F -laser 0nlv a line having a wavelength within a particular range of 

FIG. 10c shows the output emission spectrum of the 35 wavelengths that exit the prism 4 within the acceptance 

F,-laser whose free-running output emission spectrum is angle of the resonator of the laser will later be outcoupled as 

shown in FIG. 106 after lufe selection is performed by the the output laser beam In other words after 

high finesse etalon whose reflectivity spectrum is shown in &om the highly reflecting surface at the back of the jpnsm 4, 

FTC 10 Unes 0 dlfferent wavelengths will enter the discharge cham- 

a ' 40 ber at different angles to the optical axis of the resonator. 

DETAILED DESCRIPTION OF THE Lines having wavelengths within the range of wavelengths 

PREFERRED EMBODIMENT reflected within the acceptance angle of the resonator are 

. . selected, and all others are not selected or suppressed. The 

FIGS. 2a and 2b show a first and a second preferred fee adjusted ^ that a desired cenler wavelength 

embodiments of a F 2 -laser in accord with the present inven- 45 be aligned parallel to the optical axis ^ lhat it suffers 

tion. The F 2 -Iaser of the first embodiment mcludes a dis- ^ ^ ical losseg ^ therefore ^ dominates the output, 

charge chamber 2 filled with a laser gas including molecular ^ ceQter waveleDgth is at or near the ccn ter of the 

fluorine and having main electrodes 3a and 36 coupled with F, -emission line it is desired to select, 

a power supply circuit such that a voltage is applied across ^ 

the electrodes 3a 3b to create a pulsed discharge. 50 asa ^^ 

UV- prei onizat 10 n of the electrical ^f*^***? ^ reflect 

provided and may be realized by me ans f^™^*»£ ^Ibn, e . g . § a reflec twity around 4-6%. such that a maxi- 

gaps or by another source of UV-radiation (surface, barrier CAU1UU, C '& : J f 1 7d£J , - 

a< u <a a-^^a in tu<> -ui^m'tv nf at k>a«t mum reflectivity of the etalon may be trom lo% to 24%. I tie 

or corona gas discharges), deposed in tfie vicinity of ^at least > be somewnal increase d/decreased 

one of the sol d electrodes of the mam discharge of the laser. 55 tl * 1 * ' 

A preferred preionization unit is described in U.S. patent to increase/decrease the overall gain of the F 2 -laser, as 

application Ser. No. 09/247,887 which is hereby incorpo- desired. 

rated by reference into this present application. An alternative embodiment may also be realized using 

A dispersive prism 4 has a highly reflective coating at its one or more apertures with a dispersive element such as 

back surf rand s^rves as a highly reflective resonator 60 preferably a prism, and alternatively a grating. An aperture 

"eflector "etalon 6 serves as I output coupler of the may be used for ^^^S^ 1 ?™ *J* P ™2 

beam The prism 4 may also serve to seal one end of the the emission of the F 2 -laser. The selected hne traverses the 

^16^^, white the etalon 6 also serves to seal the aperture, and the unseated Ime B blocked by the aperUire. 

05 end of the dicharge chamber. Also, one of the etalon An etalon or prism may then be used for narrowmg of the 

6 and the prism 4 may serve to seal one end of the discharge 65 selected line. 

chamber while the other end is sealed by a window. An Referring back to the first embodiment ol HG. 2a, 

energy monitor 8 is included in the first embodiment and wherein a single spectral line is selected by the prism 4 and 
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the selected line is narrowed by the optical eta Ion 6. FIGS. 
3a and 3b illustrate how this line narrowing is achieved. The 
reflectivity function R of the etalon 6 versus the optical 
wavelength of incident light, in this case around 157 nm, is 
shown in FIG. 3a. The reflectivity function may be approxi- 
mately represented by a sinusoidal function such as: 

where v 0 is the free spectral range (FSR) of the etalon 6, 
Vo-^nL [cm -1 ], where n is the refractive index of the 
material within the gap between the plates of the etalon 6 
and L is the spacing of the etalon plates in centimeters. 
Those spectral components having frequencies close to the 
minimum of the etalon's 6 reflectivity R suffer the greatest 
losses in the resonator and are thus suppressed. Therefore, if 
the FSR of the etalon is approximately equal to, but is 
somewhat less than, the linewidth of the selected line of the 
free running laser, the output linewidth is narrowed. The 
FSR should not be much less than the free running 
linewidth, in order to prevent sidebands from developing in 
adjacent interference orders. 

FIG. 3b shows a solid line representing the free-running 
linewidth of the selected line of the F 2 -laser. The etalon 
reflectivity function of FIG. 3a is superimposed on the 
selected line. The resulting narrowed line is shown as a 
broken line in FIG. 3b. As noted above, if the FSR is too 
small then there will be significant overlap of the outer peaks 
of the reflectivity spectrum of FIG. 3a with the selected line. 
If "parasitic" sidebands are allowed to resonate, then beam 
quality may be deteriorated. When there is a dispersive 
element in the resonator, such as the prism 4 or another 
prism or prisms or a grating, the selected line may be 
narrowed further by reducing the width of the reflectivity 
maxima of the etalon 6, such that the etalon 6 does not 
suppress the sidebands, while apertures are placed within the 
resonator to chop off the sidebands, ultimately resulting in a 
very narrow, high quality output beam. 

FIG. 4 shows an enlarged and more detailed view of the 
outcoupler etalon 6 of either of the first and second embodi- 
ments of FIGS. 2a and 2b. Alternatively, a solid etalon may 
be used, but the etalon shown in FIG, 4 having two plates 
separated by an air gap is preferred because the etalon 
reflectivity spectrum of the etalon of FIG. 4 may be adjusted 
by adjusting the pressure of the gas between the etalon plates 
(see below). FIG. 4 shows that the etalon 6 is preferably 
acting to both seal the discharge chamber 2 and as a window, 
in order to eliminate the lossy optical interfaces of an 
additional optical window sealing the chamber 2, and to 
reduce the overall size of the resonator setup. The etalon 6 
may seal the chamber 2 via a bellows 14 and an o-ring 16, 
as shown in FIG. 4, in an exemplary embodiment. 

The etalon 6 is shown encased within a housing 18. A gas 
inlet 20 is preferably provided for allowing one or more of 
gases such as helium (preferred), neon, krypton, argon, 
nitrogen, another inert gas or another gas that does not 
strongly absorb around 157 nm, to fill the housing 18 at a 
selected pressure. The housing is equipped with conven- 
tional means for measuring the pressure of the gas within it. 
Also, the gas inlet 20 may be used to pump the housing, 
including the gap between the plates 22 of the etalon 6, to 
a low pressure using a mechanical pump. Solid material such 
as CaF 2 , MgF 2 , LiF 2 , BaF 2 , SrF 2 , quartz and fluorine doped 
quartz, or another solid material that does not absorb 
strongly around 157 nm may also fill the gap between the 
plates of the etalon 6. The reflecting interior surfaces of the 
plates 22 of the etalon 6 may be coated with a reflective film 
or may be left uncoated. The spacers 26 comprise a low 



thermal expansion material such as invar™, zerodur, ultra 
low expansion (ULE™ glass) or quartz, or another material 
having a low constant of thermal expansion, such that the 
gap thickness L is least sensitive to temperature. This is 
advantageous because the reflectivity function of the etalon 
6 depends on the gap spacing. 

The following is an estimate of the preferred etalon gap 
thickness L. Since the linewidth of the free running F 2 -laser 
is about 1 pm and the wavelength is approximately 157 nm, 
10 the FSR should be approximately 0.4 cm" 1 . This means that 
the etalon spacing L should be 8.3 mm if the gap between the 
plates is filled with a solid material with a refractive index 
of around 1.5 (such as MgF 2 , CaF 2 , LiF 2 , BaF 2 , SrF 2 , 
crystalline quartz or fluorine -doped quartz). Alternatively, 
15 and as discussed in more detail above, the etalon 6 can have 
its gap filled with an inert gas such as helium, in which case 
its thickness should be approximately 12.5 mm. Both of 
these spacings L are readily achievable. Use of the solid 
materials such as MgF 2 , CaF 2 , LiF 2 , BaF 2 , SrF 2 or crystal - 
20 line or fluorine doped crystalline quartz for the plates of the 
etalon and/or to fill the gap is due in part to fact that these 
materials are mostly transparent to light at around a wave- 
length of 157 nm. 
As alluded to above, an etalon design consideration is the 
25 desire for stability of the etalon frequency reflectivity 
maxima and minima with respect to the variations of ambi- 
ent conditions, such as the temperature. For example, MgF 2 
has a linear expansion coefficient of 13.7xl0~ 6 K" 1 along the 
c-axis, and a temperature index coefficient of 1.47xl0~ 6 K" J 
30 for an ordinary beam. This means that in order to maintain 
the centering of the spectral line with respect to a maximum 
of the reflectivity function R(v), e.g., within 10% of FSR, 
one should stabilize the temperature to within 0.06 K. If 
CaF 2 is used, then the stability should be within 0.05 K. 
35 The present invention provides this stability by using low 
thermal expansion materials for its spacers. It also does so 
by providing the outcoupler etalon 6 of the first or second 
embodiments of FIGS. 2a or 2b, respectively, with two 
plates separated by a gap within the housing described above ' 
40 preferably filled with an inert gas, such as one or a combi- 
nation of the gases mentioned above, wherein the pressure 
of the gas is controlled to control the index of refraction of 
the gas and thus the center wavelength of the aligned peak 
of the reflectivity function of the etalon. For inert gases such 
45 as nitrogen, the refractive index changes by approximately 
300 ppm per 1 bar of pressure. Therefore, with the spacing 
between reflecting surfaces L-12.5 mm, frequency control 
within 10% of the FSR requires pressure control within 2 
mbars of resolution. As discussed, the first reason to use 
50 helium in the pressure-tuned etalon 6, or alternatively 
nitrogen, argon or other inert gases or vacuum is because air 
is not transparent at the 157 nm wavelengths of interest, 
primarily due to the presence of oxygen, water vapor and 
carbon dioxide in the air, each of which strongly absorbs 
55 around 157 nm. 

Additionally, the internal surfaces of the outcoupler etalon 
6 may either be coated with partially reflective coatings, or 
may be uncoated. In the latter case which is preferred, the 
reflectivity of each surface is approximately 4 to 6% which 
60 results in a maximum reflectivity of the etalon from 16% to 
24%. Similar considerations apply to the solid etalon. 

The second embodiment of FIG. 2b is similar to the first 
embodiment of FIG. 2a, and differs in that the prism 4 of 
FIG. 2a is replaced in FIG. 2b by a highly reflective mirror 
65 12. The highly reflective mirror 12 may seal one end of the 
discharge chamber and/or the etalon 6 may seal the other end 
of the discharge chamber. In the second embodiment, the 
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etalon 6 provides the line selection function, obviating the FIG. 6a shows the free-ruanmg S P^J^ 

prism 4 of the first embodiment of FIG. 2a. An advantage of 157 nm with helium as the buffer gas^ Two hnes .are 

the second embodiment over the first embodiment is observed. FIG. 6b shows the free-running F 2 -laser spectrum 

simplicity, fewer elements in the resonator and fewer optical around 157 nm with neon as the buffer gas. In this case, three 

interfaces' for the beam to traverse which leads to reduced 5 lines are observed. The corresponding lines around 157.62 

optical losses and increased lifetime. However, suppression nm an d 157.52 nm of the spectrum of FIG. 6b are notably 

of the second line may be less efficient in the second narrower than those of the spectrum of FIG. 6a. This is 

embodiment than in the first embodiment. because the F 2 -laser which emitted the spectrum of FIG. 6b 

In the second embodiment, the etalon 6 is used for both exhibited a longer pulse duration due to the presence of the 

line selection and simultaneously, for narrowing the selected 3Q ne£)n buffer gaSj than ^ t he F 2 _iaser which emitted the 

single line, in a fashion similar to that described above with spectrum 0 f FIG. 6a having helium as a buffer gas. 

respect to the first embodiment. The line selection is In embodiment of the F 2 -laser of the present 

achieved by adjusting the FSR and the wavelength of the invention the longer the pu lse duration, the narrower the 

maximum reflectivity of the etalon in such a way that the ^ u ' newidlh which is achievab l e . On each roundtrip of 

m the first embodiment. v ' . . , r lif) / * 

The FSR of the etalon 6 of the first and second R(v) and incident spectrum I<" (v). 

embodiments, or more generally that of any gas-filled etalon 20 Rf«ji«to 

used with the F 2 -laser of the present invention, such as the UMM; ' 

etalon 6 of FIGS. U, Sb or 9a or the etalon 34 of FIGS. whefe • [s me numbcr 0 f me round-trip. If, for example, the 

9a-9b (below), is adjustable in the following manner. The re flectivity function can be approximated by a Gaussian 

pressure of the gas filling the etalon housing 18 (see FIG. 4), mnctioo tne width of the beam spectrum decreases as an 

and particularly the gas between the plates 22 of the etalon 25 e ^ Qf ^ numbef of roundtrips: 

6, may be varied to adjust the index of refraction of the gas. ~» 

Alternatively, the spacing L between the plates 22 can be Ay _^ 
varied, e.g., using piezo elements as etalon spacers 26. By 

either of these methods, the FSR can be adjusted because the The present invention provides means of increasing the 
FSR depends on both the index of refraction of the gas and 3Q i en gth c f the pulse of the molecular fluorine laser by 
the spacing L between the plates 22. By adjusting the FSR utilizing neon as a buffer gas. FIGS, la, lb and 7c show the 
of the etalon 6, line selection may be precisely performed by temporal pulse shape with the gas mixtures shown in Table 
aligning a maximum in the reflectivity spectrum of the 1; 
etalon 6 with the desired line to be selected, and by con- 
temporaneously aligning a minimum of the reflectivity spec- TABLE 1 
trum of the etalon 6 with the unselected line of the free- 35 
running F 2 -laser. 

FIGS. 5a and 5b illustrate schematically how the line 
narrowing is performed by the etalon 6. As discussed 
quantitatively below, the FSR of the etalon 6 Is adjusted by 

either changing its gap spacing, or by varying pressure of the 40 

eas in the gap, as has been described above. The require- . ' 

ments to the pressure resolution derived above, also apply to An increase in the concentration of neon n the gas 

this case. The advantage of this configuration is simplicity, mixture of the F 2 -laser results in an increased pulse length 

since no prism is required for line selection. However, the from roughly 8 nsec (for 0% neon) to 25 nsec (for 96.8% 

system may be less efficient at suppressing the unwanted 45 neon). 

lines, leading to residual emission at those wavelengths. Concentration 

Trie reflectivity spectrum of the etalon 6 in the vicinity of 1CHai C Q^y crations 
the free -running F 2 -laser emission lines ^ (left part) and \ 1 

(right part) around 157 nm is shown in FIG. 5a. Preferably gas mixtures are optimized with respect to pulse 

the pressure of the gas filling the gap of the etalon 6 is varied 50 energv ( gam ) an d pulse energy stability. Higher pressure and 

to align reflectivity maxima and minima with \ x and X^, higher fluorine concentration each achieve a higher energy 

respectively. Alternatively, the gap spacing may be varied or fesull( but als0 pro duce a higher pulse energy fluctuation, 

both the pressure and gap spacing may be varied to produce p re f er red arrangement thus balances these consider- 

the same effect. FIG. 5b shows \ 2 (left part) and X a (right at ions. Thus, a total pressure of approximately 5 bar and a 

part) of the free running F 2 -laser (solid line), and the output 55 uuorme concentration in the range 0.05% to 0.2% is pre- 

emission spectrum of the F 2 -laser with line selection (X a ) f er red. 

and narrowing of the selected line (dashed line). That is, the In ^ preferred embodiment employing neon as the buffer 

dashed line of FIG. 5b represents the reflectivity spectrum of thfee Unes afe present in tne f ree -running spectrum. The 

FIG. 5a of the etalon 6 superimposed over the solid line of following conditions should be satisfied: 

FIG. 56, which is the output emission spectrum of the free 60 
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In addition to molecular fluorine, the gas mixture within 
the discharge chamber of the F 2 -laser of the present inven- (^K^; 
tion further includes one or more other gases including at (,>v4)v 0 -v 3 , 
least one buffer gas. FIGS. 6a and 6b show spectra of the 65 

free-running F 2 -laser with helium and neon as a buffer gas, where m, j, k are integers, v 0 is the free spectral range ot tne 

respectively etalon in the optical frequency domain, v, is the optical 
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frequency of the line to be selected, and v 2 and v 3 are optical 
frequencies of spectral lines to be suppressed. In the case 
where only two lines present, such as if helium is used as the 
buffer gas, this set of equations is reduced to two equations: 

5 

m v*Vj; 
(*f*i)v 0 -v 2 ; 

where v 1 the optical frequency of the line to be selected. 

FIGS. Sa and Sb show third and fourth embodiments, ]0 
respectively, of the present invention. In order to increase the 
wavelength separation effect, one may use multiple (two or 
more) prisms 2830 as shown in FIG. 8a. The second prism 
30 would have a high reflectivity coating at its back surface. 
Also, use of a separate highly reflective mirror 32 instead of 15 
the highly reflective coating on the back surface of the prism 
30 is shown in FIG. Sb. Such separate highly reflective 
mirror 32 can be used in combination with multiple prisms 
as well. An advantage of the separate mirror 32 is that it can 
be manufactured more readily than the prism 30. At the same 2 q 
time, use of the separate mirror 32 increases the number of 
optical surfaces that the beam traverses, thus increasing both 
optical losses and wavelength dispersion. Consequently, a 
decision on the number of prisms and whether to use a 
separate mirror is dependent on the total magnitude of the 2 5 
dispersion needed for achieving reliable selection of the 
single line. As noted above, one or more apertures may be 
inserted into the resonator of either of the systems of FIGS. 
Sa & Sb to chop off sidebands of the dispersion spectrum of 
the prisms 28,30 and/or of the superposition of the etalon 6 30 
reflectivity maximum with the selected line of the F 2 -laser. 

FIGS. 9a and 9b show fifth and sixth embodiments, 
respectively, of the present invention. In the fifth embodi- 
ment of FIG. 9a, a high finesse etalon 34 replaces the prism 
4 of the first embodiment of FIG. 2a. In the sixth embodi- 35 
ment of FIG. 9b, the high finesse etalon 34 is again used, and 
an outcoupling mirror 35 replaces the outcoupling etalon 6 
of the fifth embodiment of FIG. 9a. Generally, any of the 
embodiments described herein may be altered to include the 
high finesse etalon shown in FIGS. 9a and 9b. 40 

In either of the fifth or sixth embodiments line selection 
is achieved through the use of the etalon 34, which prefer- 
ably has a relatively high finesse. The etalon 34 of FIGS. 9a 
and 9b works in reflection mode and may also serve to 
replace the high reflectivity surface of previously described 45 
embodiments, i.e., the high reflectivity back surface of the 
prism 4 in the first embodiment or the prism 30 in the third 
embodiment, the high reflectivity mirror 12 of the second 
embodiment or the high reflectivity mirror 32 of the third 
embodiment. Further, the etalon 34 may replace the entire 50 
prism 12, 30 or prism 28 and reflector 28, due to its line 
selection properly coupled with its high reflectivity property. 

The reflectivity of the etalon 34 versus the optical fre- 
quency v of the laser beam is shown in FIG. 10a. It is 
represented by the function 55 

R(v>-Fsin 2 Cnv/v 0 )/(l+Fsin 2 (nv/v 0 )), 

where F-4R/(1-R) 2 is the finesse factor of the etalon 34, v 0 
is the free spectral range (FSR) of the etalon, v 0 «'/i nL 
[cm -1 ], where n is the refractive index of the etalon gap 60 
material and L is the spacing of the etalon in centimeters. 
The finesse factor relates to the finesse F as F»n>T5. 
Spectral components having frequencies close to the mini- 
mum of the reflectivity function of the etalon 34 suffer the 
greatest losses in the resonator and, therefore, are sup- 65 
pressed. If the finesse of the etalon 34 is sufficiently high, 
then any light having a frequency outside of the narrow 
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spectral area corresponding to the condition v-k v 0 , where 
K-integer, will be almost entirely reflected by the etalon 34, 
which exhibits a reflectivity of nearly unity at those 
frequencies, as shown in FIG. 10a. Therefore, except for 
these narrow areas of minimum reflection at v-k v 0 , the 
etalon 34 acts simply as a highly reflective surface. 
Preferably, the etalon 34 is configured to suppress undesir- 
able spectral lines by setting a minimum or minim urns of 
reflectivity of the etalon 34 at the centers) of such line(s). 
An etalon 34 according to either of the fifth or sixth 
embodiments may be either a solid-state etalon, an evacu- 
ated etalon or an inert gas filled etalon as described above, 
wherein the inert gas may again be one or a combination of 
any of helium, argon, neon, krypton, nitrogen, or another gas 
that does not absorb light strongly around 157 nm. Also, the 
gap between the plates of the etalon 34 may include solid 
material such as CaF 2 , MgF 2 , LiF 2 , BaF 2 , SrF 2 , quartz or 
fluorine doped quartz, or another solid material that does not 
strongly absorb light around 157 nm. 

FIG. lOa-lOc illustrate the line selection feature of the 
high finesse etalon 34 of FIGS. 9a and 9b. FIG. 10a shows 
the wavelength dependence of the reflectivity of the high 
finesse etalon 34. FIG. 106 shows the emission spectrum of 
the free -running F 2 -laser. The resulting output emission of 
the F 2 -laser having the high finesse etalon 34 in its resonator 
setup is shown in FIG. 10c. As can be observed from FIGS. 
lOa-lOc, one of two lines is selected as output of the 
F 2 -laser, as desired. 

Wavefront curvature of the beam may also be compen- 
sated by using a cylindrical lens within the resonator (see 
U.S. patent application Ser. No. 09/073,070 filed Apr. 29, 
1998). The etalons 6 and 34 of the present invention are 
generally sensitive to the wavefront curvature of the beam. 
Thus, one or more cylindrical lenses placed in the resonator 
can provide a more collimated beam at the etalon(s) 634. 
Moreover, wavefront curvature compensation can be 
achieved via one or more curved resonator mirrors. 

Other variations are possible in furthering the goals and 
objects of the present invention. For example, any of the 
prism 4 of FIGS. 2a, the highly reflective mirror 12 of FIGS. 
2b } the etalon 6 in any embodiment, the prism 28 or the 
prism 30 of FIG. Sa, the prism 28 or the highly reflecting 
surface 32 of FIG. Sb, and the high finesse etalon 34 of 
FIGS. 9a and 9b may seal off the laser discharge chamber 2. 
This advantageously reduces the number of optical inter- 
faces the beam has to traverse, and thus reduces optical 
losses. In particular, an extra laser window or windows is not 
needed after one or more of the optical elements just 
mentioned is substituted therefor. When an etalon 6,34 is 
used to seal the discharge chamber, it may be advantageous 
to raise the pressure of the gas within the etalon 6,34 to near 
the pressure of the gas mixture, to prevent distortion of the 
etalon 6,34 due to the pressure difference, but only if the 
etalon may still perform its line selection and/or narrowing 
function. 

In this regard, the scope of the present invention is meant 
to be that set forth in the claims that follow, and equivalents 
thereof, and is not limited to any of the specific embodi- 
ments described above. 
What is claimed is: 
1. An F 2 - laser, comprising: 

a discharge chamber filled with a gas mixture including 
molecular fluorine generating a spectral emission 
including a plurality of closely spaced lines in a wave- 
length range between 157 nm and 158 nm, said plu- 
rality of closely-spaced Lines including a primary line 
centered around a wavelength of 157.62 nm and a 
secondary line centered around a wavelength of 157.52 
nm; 
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a pair of electrodes coupled with a power supply circuit 16. An F 2 -laser as in claim 15 further comp^og a 

oroducine a pulsed discharge to energize said molecu- second etalon for narrowing the selected hue, satd second 

lar fluorine- and etalon being arranged for maximum reflectivity of a central 

a resonator including a prism and a first etalon, said prism portion of the selected line and for relatively low reflectivity 

S I a^ged a?a particular orientation for disperaing 5 of outer portions of the selected line to suppress satd outer 

the plurality of closely spaced lines including the portions. m 

primary and secondary lines such that only the primary 17. An F 2 -laser as in claim 16, said second etalon being 

line centered around 157.62 nm remains within an part of the resonator further for outcoupling a laser beam, 

acceptance angle of the resonator and any other line(s) 18. An F 2 -laser as in claim 16, wherein said second etalon 

including the secondary line centered around 157.52 1° includes two plates with one of the two plates having a 

nm are dispersed outside of the acceptance angle of the highly reflective inner surface for reflecting a laser beam as 

resonator such that only the primary line at 157.62 nm a highly reflective resonator reflector, 

is amplified among said plurality of closely-spaced 19. An F 2 -laser as in claim 18, wherein said second etalon 

lines, said first etalon being arranged for maximum fc a high fi nesse eta i on . 

reflectivity of a central portion of the primary line 15 2Q ^ p2_i aser as in one of claims 1 or 8, wherein said 

around 157.62 nm and for relatively low reflectivity of ^ ^ & bw finesse etalon 

outer portions of the primary line to substantially 21 ^ F2 . laser ^ m one 0 f claims 1 or 8, wherein said 

suppress said outer portions, thereby narrowing the ^ \^ ^ ^ adjusUbk free spectral range . 

primary line such that said F 2 -laser emits a single ^ fa ^ {he free spectral 

wavelength laser beam having » J^^J"; range of said first etalon is one of pressure-tuned and 

ewidth that is less than the linewidth of the 157.62 line * 

of , .free-running F 2 laser to provide a narrow band ^^^ ttta ^^^ n ^ ettlonoom ^ 

VUV laser beam. 2 

2. An F,-laser as in claim 1, said prism having a highly Ca* 2 plates. 

reflective back surface for reflecting a laser beam as a highly 25 24. An F 2 -laser as in claim 1 further comprising a second 

reflective resonator reflector. prism for further narrowing of the selected line, said second 

3. An F 2 -laser as in one of claims 1-2, said first etalon prism being arranged for refracting a first portion ot the 
being part of the resonator further for outcoupling a laser selected line within the acceptance angle of the resonator 
beam and for refracting a second portion of the selected line 

4. An F 2 -laser as in claim 3, said prism for sealing one end 30 outside of the acceptance angle of the resonator to suppress 
of the discharge chamber. the second portion. 

5. An F 2 -laser as in one of claims 1-2, said prism for 25. An F2-laser as in claim 1, wherein said first etalon 
sealing one end of the discharge chamber. one enc j Q f said discharge chamber. 

6. A F 2 -laser as in any of claims 1 or 2, wherein said etalon 2 6. An F 2 -laser as in claim 25, wherein said first etalon 
comprises CaF 2 plates. 35 includes two plates separated by a gap and said first etalon 

7. AF2-laser as in any of claims 1 or 8, wherein said prism fe - n a housing with a n inert gas. 

comprises CaF2. 27 An F 2 -laser as in claim 26, said gas within said 

8. An F 2 -laser as in claim 1, said first etalon includuig two ho fa a ure approximately equal to the pres- 
plates with one of the two plates having a highly reflective 

surface for reflecting a laser beam as a highly reflective « ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

resonator reflector. etaion includes two plates separated by one or more spacers 

9 An F2-laser as in one of claims 1 or 8, wherein said gas tiai . 1U v c ? ' . , 

. r , . 1 " , _ . , ,. net ^ n comorisine one or more of invar, zerodur, ultra low expan- 

mixture further includes a buffer gas including neon. cumpi & 

10. An F 2 -laser as in claim 9, wherein the concentration sion glass, and quartz 

of said neon within said gas mixture is above 90%. «s 29. An F 2 -laser as in claim 28 wherein said schott g ass 

11 An F.-laser as in claim 9, wherein an interior surfaces is zerodur™ schott glass, and said ultra low expansion glass 
of each of said two plates of said first etalon is uncoated. is ULE™ ultra low expansion glass. 

12 An F2-laser as in one of claims 1 or 8, wherein said 30. An F 2 -laser as in one of claims 26, wherein said two 
first etalon includes two plates separated by a gap and said plates of said first etalon comprise one or more of CaF 2 , 
first etalon is in a housing filled with an inert gas. 50 MgF 2 , LiF 2 , BaF 2 , SrF 2 , quartz and fluorine doped quartz. 

13 An F2-laser as in one of claims 1 or 8, further 31. An F2-laser as in claim 1, wherein said first etalon 
comprising an aperture within the resonator along the optical includes two plates separated by a gap filled with a material 
path of the beam selected from the group of materials consisting of Cab2, 

14 An F 2 -laser as in claim 13, said aperture having a MgF2, LiF2, BaF2, SrF2, quartz and fluorine doped quartz, 
dimension approximately equal to, yet less than, a beam 55 32. An FMaser as in claim 1, wherein said first etakm 
dimension. includes two plates separated by an gap and said first etalon 

15 An F,-laser as in claim 13, said aperture for selecting is in an evacuated housing. 

one of said plurality of closely-spaced lines, said aperture 33. An F2-laser as in claim 1, wherein the pressure of said 

being arranged for permitting a maximum intensity of the gas mixture is substantially less than 5 bars, 
selected line to propagate within the acceptance angle of the 60 

resonator and for blocking any unselected lines. ***** 
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